Abstract: A series of novel N-substituted-β-D-glucosamine derivatives that incorporate benzenesulfonamides were designed using a fragment-based drug design strategy. Each derivative was synthesized and evaluated in vitro for its inhibitory activity against human carbonic anhydrase (hCA) IX; several derivatives displayed desirable potency profiles against this enzyme. The molecular docking studies provided the design rationale and predicted potential binding modes for carbonic anhydrase (CA) IX and three target compounds, including the most potent inhibitor, compound 7f (IC 50 = 10.01 nM). Moreover, the calculated Log P (cLog P) values showed that all the compounds tended to be hydrophilic. In addition, topological polar surface area (TPSA) value-based predictions highlighted the selectivity of these carbohydrate-based inhibitors for membrane-associated CA IX.
Introduction
Carbonic anhydrases (CAs) are ubiquitous zinc metalloenzymes that catalyze the reversible hydration of carbon dioxide and water to a bicarbonate ion and proton [1] [2] [3] [4] [5] [6] . To date, human cells express twelve catalytically active CA isoforms belonging to the α family. These isoforms have been classified into four different subclasses based on the subcellular localization: cytosolic isoforms (CA I, CA II, CA III, CA VII, and CA XIII) and membrane-bound (CA IV, CA IX, CA XII, and CA XIV), secreted (CA VI), and mitochondrial (CA VA and CA VB) forms [1, 2, 7] . Apart from this difference, they also have variable organ and tissue distributions and catalytic activities. The members of human carbonic anhydrase (hCA) family share 30-40% sequence identity and display only minor differences in the region comprising residues 125-137 [1] . In all isoenzymes, the active site is a conical cavity consisting of two conserved regions (hydrophobic and hydrophilic) and a catalytic Zn 2+ ion at the bottom which exhibits coordination with three His residues and the substrate H 2 O/hydroxide. The role of the zinc cation is to bind to and activate the substrate H 2 O in the process of hydration of CO 2 [1, 2] .
As a hypoxia-induced transmembrane enzyme with an extracellular catalytic domain, CA IX is a tumor-associated isozyme which is upregulated in varieties of hypoxic tumor cells, while restrictedly expressed in the normal tissues [1, 7] . The activity of this isozyme contributes to maintaining a neutral intracellular pH and the extracellular acidication of the solid tumor. This process favors tumor growth, metastasis, and invasion and provides a suitable environment for hypoxic tumor cells survival and proliferation [1] [2] [3] 8, 9] . Accordingly, this enzyme has been validated as a promising target for cancer diagnostics and treatments.
Recently, several CA IX inhibitors have been reported. SLC0111 is a potent CA IX inhibitor and progressed into phase I clinical trials as an antitumor agent ( Figure 1 ) [10] . Like this CA IX candidate, most inhibitors contain the classical zinc-binding-group sulfonamide (RSO 2 NH 2 ) with excellent CA IX inhibition abilities; the deprotonated sulfonamide (RSO 2 NH − ) coordinates to the active site zinc cation and so blocks the activity of the enzyme. However, owing to the high structural similarity of the active site of CA isoforms, a number of inhibitors lack selectivity for CA IX [11] [12] [13] [14] . Supuran's group has demonstrated the success of appending carbohydrate scaffolds to aromatic sulfonamides in the design of selective CA inhibitors, particularly for CA IX [7, [15] [16] [17] [18] [19] [20] . The poor membrane permeability and wide structural diversity of these glycol-inhibitors facilitates their preferential inhibition of transmembrane CA IX. Compound A, an exemplary glycoconjugate in this aspect, exhibits 1200-fold and 3200-fold selectivity for CA IX over intracellular CA I and CA II, respectively ( Figure 1 ). The attachment of sugar hydrophilic moiety provides the opportunities to specifically target CA IX due to the membrane impermeability of the inhibitor [20] . In addition, secondary sulfonamide moiety has been used in numerous clinical drugs [21] , and it has also been described in the literature as a potent and specific inhibitor for CA IX [12, [22] [23] [24] [25] . For example, compounds B and C, incorporating a secondary sulfonamide rather than a primary one, showed low Ki values and excellent selectivity to CA IX ( Figure 1 ) [24, 25] . Inspired by the activities of the aforementioned moieties, we used a fragment-based drug design strategy to combine aromatic sulfonamide and glucosamine with a thiourea linker. The substituted sulfonyl was introduced onto the 2-amino group of the glucosamine to simultaneously form the secondary sulfonamide group for the design of novel CA IX selective inhibitors ( Figure 2 ). The primary sulfonamide may anchor the Zn 2+ ion and the carbohydrate is able to decrease the membrane permeability of the whole molecule. The purpose of the attachment of a secondary sulfonamide was to interact with the amino acid residues in the active site. To investigate the contributions of the secondary sulfonamide on the inhibition of CA IX, the acetyl (Ac) substituent group was also attached to the 2-amino group of the glucosamine for comparison. Molecular docking was performed to determine the binding affinities of the designed compounds for CA IX. Each compound was assessed for its ability to inhibit human CA IX in vitro. The IC 50 values showed that substituted sulfonyl groups possessed better activities than the acetyl substituent group. Furthermore, the hydrophilic properties and membrane permeabilities of these derivatives were predicted by the calculated Log P (cLog P) and topological polar surface area (TPSA) values, respectively. 
Results and Discussion

Molecular Docking Studies
To elucidate the binding patterns of the designed compounds, we predicted the binding affinities by molecular docking. Compounds 7a-7r and 9a-9b were docked in the CA IX (Protein Data Bank (PDB): 5FL4) binding site using the Autodock 4.0 package. The clinically used drug and broad CA inhibitor, Acetazolamide (AZA), was also included as the reference due to its available co-crystal structure with CA IX and known inhibition on the enzyme (Ki = 25 nM). The binding energies were calculated using the Autodock and X-score programs and are presented in Table 1 . The docking results indicated that all designed compounds exhibited lower binding energy values and higher affinities for CA IX than did AZA, suggesting that these compounds probably achieved higher or comparable activities against CA IX. Table 1 . Molecular docking binding scores, calculated Log P (cLog P) data, topological polar surface area (TPSA), and inhibition of human carbonic anhydrase (hCA) IX for target compounds 7a-7r and 9a-9b. 
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Predictions by cLog P and TPSA
The poor membrane permeability of each inhibitor should improve selectivity for the extracellular catalytic domain of isozyme CA IX. For our target compounds, due to the unmarked sugar moiety which contains several hydroxyl groups, we predicted an increase in the molecular polarity and a decrease the membrane permeability. Lipophilicity is an important property in drug discovery, and it is estimated by the value of Log P. The calculated Log P (cLog P) value for each compound was predicted using Discovery Studio 3.0. As shown in Table 1 , the values of cLog P for all compounds, ranging from −3.6589 to 1.0453, comply to the rule of five [26] and tend to present the hydrophilic properties. Topological polar surface area (TPSA) is the calculated value of characterizing membrane permeability. A TPSA value >140 Å 2 indicates that a molecule has poor membrane permeability [27] . A TPSA value for each compound was calculated using Discovery Studio 3.0 and the results are summarized in Table 1 . Values of all derivatives are greater than 140 Å 2 (ranging from 188.25 to 248.37). The results indicate that it is possible for the designed compounds to exhibit hydrophilic properties, limited membrane permeabilities, and specifically target CA IX.
Chemistry
Target compounds 7a-7r were synthesized as outlined in Scheme 1. The synthetic route began with glycosyl bromide 1, which was prepared as previously described [28] . Treatment of 1 with ammonium thiocyanate yielded isothiocyanate 2 [29] , which was coupled with sulfonamide 3 to give thiourea compound 4. The trichloroethoxycarbonyl moiety of compound 4 was removed with zinc powder in acetic acid [30, 31] . Then, the amine 5 was condensed with substituted sulfonyl chloride to generate intermediates 6a-6r, followed by deacetylation with 0.1 M sodium methoxide to generate compounds 7a-7r. The synthesis of compounds 9a and 9b followed an analogous strategy to that of compound 4 and the process is shown in Scheme 2. Isothiocyanate 8 was synthesized from a reaction between glycosyl bromide and potassium thiocyanate as previously described [32] . It was converted to thiourea compound 9a using the aforementioned method. The hydroxyl-protecting groups were subsequently cleaved to yield 9b. Scheme 2. The synthesis of target compounds 9a and 9b.
Human Carbonic Anhydrase IX Inhibition Studies
Compounds 7a-7r and 9a and 9b were measured for their inhibition of CA IX. AZA was included in the assay as the standard inhibitor. The inhibition data are listed in Table 1 and the results are presented in Figure 3 .
The IC 50 values revealed that several conjugates exhibited higher activities against CA IX than AZA. The best CA IX inhibitor was 4-trifluoromethylbenzenesulfonyl amino derivative 7f (IC 50 of 10.01 nM); several other compounds (7e, 7i, 7k and 7l) had IC 50 values that were <20 nM, which made them effective CA IX inhibitors. The structure activity relationships (SARs) were determined as follows:
(i) The deprotected sugar analogs (7a-7r and 9a) had IC 50 values within 10.01-388.80 nM. Most of the compounds that contained sulfonyl substituents on the 2-amino group of their glucosamines showed stronger inhibitory activities against CA IX (up to 17.6-fold) than that of compound 9a, which contained an acetyl group at the same position; n-propylsulfonyl derivative 7p (IC 50 of 388.80 nM) was the exception.
(ii) Regarding substitutions of the sulfonyl moiety, the phenyl and naphthyl groups exhibited higher affinities for CA IX compared to that of the other groups. However, the effects of the nature and position of the groups that were used to substitute the aromatic moiety in compounds 7a-7n on CA IX inhibition were not apparent.
(iii) The acetyl-protected sugar 9a was a weaker inhibitor than free sugar 9b. This is closely related to its better membrane permeability. Compounds 7a, 7f, and 7p were chosen for the analyses of molecular interactions and the co-crystallized compound 5FL4-ref was included as a comparison. As shown in Figure 4 , compound 5FL4-ref interacted with the active site of CA IX by one hydrogen bond between the Thr200 and SO 2 group, and the nitrogen atom of the sulfonamide group formed a coordination bond with the zinc ion. These interactions are in a similar manner to the reported co-crystal structure between AZA and CA IX [1] . The naphthyl moiety of 5FL4-ref formed weak hydrophobic interactions with Val121, Val130, Leu134, and Pro203. Compound 7a, 7f, and 7p were also capable of forming interactions with the zinc cation, and coordinating by means of the nitrogen atom of sulfonamide. It was also observed that the SO 2 group and 3-hydroxyl moiety on the sugar of compounds 7a, 7f, and 7p formed hydrogen bonds with the Thr200 and Pro202 residues, respectively. Regarding the aromatic substituted compounds 7a and 7f, the primary sulfonamide also displayed hydrogen bond interactions with other amino acid residues and the benzene ring tethering primary sulfonamide showed π-π stacking with His94, whereas compound 7p lacked these interactions. Furthermore, the substitution on the secondary sulfonamide were positioned to the hydrophobic pocket (Leu91, Val121, Val131, Leu135, Leu141, Val143, Leu198, and Pro202) [1] . Compound 7a and 7f both formed stronger hydrophobic interactions with the hydrophobic pocket than did n-propylsulfonyl derivative 7p. And the binding modes revealed that the aromatic ring substitutions were unable to affect the inhibition on CA IX significantly ( Figure 4B,C) . 
Materials and Methods
Molecular Docking and Predictions by cLog P and TPSA
AutoDock 4 [33] was used to perform docking calculations. The crystal structures of human carbonic anhydrase IX (PDB code: 5FL4) [34] were used in docking calculations. A grid box with a grid spacing of 0.375 Å was generated to define the binding pocket. Affinity grid fields were generated using the auxiliary program AutoGrid 4. Compound structures were built and minimized with the Accelrys Discovery Studio 3.0 software package [35] with flexible torsions assigned, and all dihedral angles were allowed to freely rotate. The Lamarckian genetic algorithm was used to determine the appropriate binding positions, orientations, and conformations of ligands. The optimized parameters were as follows: the maximum number of energy evaluations was increased to 25,000,000 per run, the iterations of Solis & Wets local search were 3000, the number of individuals in the population was 300, and the number of generations was 100. Results differing by <2 Å in a positional root mean square deviation were clustered together. In each group, the lowest binding energy configuration with the highest percentage frequency was selected as the group representative. All other parameters were maintained as default. To improve the accuracy of the molecular docking calculation, both AutoDock and X-score were utilized to predict the binding free energies of the compound with CA IX in this study. Finally, calculated Log P (cLog P) and TPSA of compounds were predicted by Accelrys Discovery Studio 3.0 software package [35] .
Chemistry
All the reagents were used without further purification unless otherwise specified. Solvents were dried and redistilled prior to use according to the standard method. Analytical thin layer chromatography (TLC) was performed using silica gel HF 254 . Preparative column chromatography was performed with silica gel H. Melting points were determined on a Büchi melting point B-540 apparatus. 1 H-and 13 C-NMR spectra were recorded on a Bruker ARX 600 MHz or 400 MHz spectrometer using DMSO-d 6 or C 5 D 5 N as solvents and TMS (tetramethylsilane) as the internal standard. High-resolution mass spectra (HR-MS) were obtained on a Bruker micrOTOF_Q spectrometer.
Ammonium thiocyanate (2.27 g, 29.80 mmol) was treated with tetrabutylammonium bromide (1.63 g, 5.07 mmol) and molecular sieves (4 Å, 1.00 g) in dry acetonitrile (20 mL) at room temperature for 2 h. Then, the solution of glycosyl bromide 1 (16.20 g, 29.80 mmol) in dry acetonitrile (50 mL) was added dropwise. The mixture was stirred under reflux for 1 h and cooled. The solid material was filtered off and washed with acetone. The filtrate was concentrated in vacuo and the residue was purified by column chromatograph (5:1, petroleum ether-acetone) to give compound 2 (10.60 
To a solution of the isothiocyanate intermediate 2 (5.00 g, 9.58 mmol) in dry acetonitrile (30 mL), sulfonamide 3 (3.30 g, 19.16 mmol) was added and stirred at 50 • C for 4 h. The mixture was cooled to room temperature, concentrated, and diluted with ethyl acetate. The organic layer was washed with aqueous hydrochloric acid (1N), saturated aqueous sodium bicarbonate and brine, dried over anhydrous sodium sulfate, filtered, concentrated, and purified by column chromatograph (100:1, dichloromethane-methanol) to afford compound 4 (6. 
General Procedure for the Synthesis of Compounds 7a-7r
To a mixture of 4 (500 mg, 0.72 mmol) in acetone (10 mL), freshly activated zinc powder (1.65 g, 25.22 mmol) and acetic acid (10 mL) were added and stirred for 1 h. The residue was filtered, concentrated, and diluted with ethyl acetate. The organic layer was washed by saturated aqueous sodium bicarbonate and brine, dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo. The white solid product 5 was directly used for the next step without further purification.
To a solution of crude 5 from the last step in dry pyridine (10 mL) at 0 • C, substituted sulfonyl chloride (0.79 mmol) was dropped into the mixture slowly, and the reaction was stirred for 10 min at room temperature. After complete consumption of the starting material, the residue was diluted with ethyl acetate and washed with aqueous hydrochloric acid (1M), saturated aqueous sodium bicarbonate, and brine. The solution was dried over anhydrous sodium sulfate, filtered, and concentrated. The light yellow oily product 6a-6r was directly used for the next step without further purification.
To a solution of intermediate 6a-6r in acetone-methanol (5 mL:5 mL), freshly prepared sodium methoxide in methanol solution (1.0 mol/L, 1 mL) was added. The mixture was stirred for 30 min followed by the addition of Dowex H + resin to pH 7, then filtered. The filtrate was concentrated and purified by column chromatograph (10:1, dichloromethane-methanol) to obtain 7a-7r.
Conclusions
In conclusion, we report a novel series of N-substituted-β-D-glucosamines derivatives incorporating benzenesulfonamides by utilizing a fragment-based drug design. The rationale behind this design is demonstrated by the molecular docking study. Each compound was evaluated for its ability to inhibit membrane-associated CA IX in vitro, and all compounds exhibited activities against the enzyme to varying degrees. Several substituents that contained sulfonyl moieties on the 2-amino group of their glucosamines were better inhibitors of CA IX than is AZA. It is a challenge to have compounds with potency and specificity for CA IX based on the conserved three-dimensional architecture of CA isoforms, however, these potent glycoconjugates with membrane impermeability may provide the opportunities to target extracellular isozyme CA IX. This finding is greatly encouraging for us to exploit highly potent, selective, and drug-like lead compound CA IX inhibitors.
